Exposure to increasing doses (290 -315 nm) of ultraviolet (UV) B radiation is thought to profoundly affect human health, Studies on the biologic and molecular effects ofUVB radiation on human skin are therefore of particular interest. There is experimental and clinical evidence to assume that UVB radiation -induced local and systemic inflammatory reactions might be mediated at least in part by UVB-induced keratinocyte-derived interleukin (IL)-6. Previously, a UVBinduced increase of steady-state levels of IL-6 mRNA was found to be a prerequisite for keratinocyte IL-6 production after UVB irradiation. The present study was aimed at addressing the question of whether in vitro UVB irradiation would increase IL-6 mRNA expression in long-term cultured, normal human keratinocytes via transcriptional or post-transcriptional mechanisms. UVB exposure (0 -1 00
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Jjm 2 ) of keratinocytes increased low baseline expression levels ofIL-6 mRNA in a time-and dose-dependent manner. Using nuclear run-on assays, transcription rates of the IL-6 gene in nuclei isolated from UVB-irradiated cells were found to be essentially identical to those seen in unirradiated cells, indicating that UVB light did not lead to increased transcription of the IL-6 gene. To determine a possible post-transcriptional mechanism in UVB-induced IL-6 mRNA expression, the effects ofUVB irradiation on IL-6 mRNA stability were examined. To this end irradiated and unirradiated keratinocytes were treated with actinomycin 0 and subjected to Northern blot analysis to calculate IL-6 mRNA half-life. As compared with unirradiated cells, IL-6 mRNA stability was increased significantly (three-to four-fold) in UVB-irradiated cells, suggesting that UVB radiation upregulates IL-6 mRNA levels in human keratinocytes by increasing the stability of IL-6 transcripts. This is the first report indicating that UVB radiation at a physiologically relevant dose may affect gene expression in human cells at a post-transcriptional level. Key words: ultraviolet radiationjkeratinocytesjIL-6. ] Irwest DermatoI103: [92] [93] [94] [95] [96] 1994 crease of C-reactive protein [6] . Ultraviolet B light is almost completely absorbed by the upper layer of the skin, in particular by the epidermal keratinocytes [14] , and it has been proposed that increased serum IL-6 levels in sunburned individuals represent epidermal-cell-derived IL-6 that has entered the circulation [5] . This is supported by in vitro studies demonstrating that human epidermal keratinocytes are capable of synthesizing and releasing biologically active IL-6 upon exposure to UVB [7] .
Upregulation of intracellular IL-6 mRNA levels is thought to be an indispensable prerequisite for UVB-induced IL-6 production, because UVB irradiation of keratinocytes was always associated with a marked increase in IL-6 mRNA steady-state levels [7] . Little is known, however, about the molecular mechanisms by which UVB light upregulates cytokine mRNA in human keratinocytes. In general, increased levels of cytoplasmic mRNA may be caused by two different mechanisms: an increased rate of transcription of the respective gene, or increased stabilization of its preexisting mRNA [8] . Increased transcription rates of the IL-6 gene have been found to be responsible for enhanced IL-6 mRNA expression in human fibroblasts and monocytes upon exposure to proinflammatory cytokines such as the leukemia inhibitory factor, IL-a, TNF-a, to leukotriene B 4 , and to ionizing radiation [9] [10] [11] [12] . On the other hand, the growth factors epidermal growth factor (EGF) and transforming growth factor (TGF)-a regulate IL-6 mRNA levels in human thymic epithelial cells by increasing stability of IL-6 mRNA [13] . This indicates that IL-6 mRNA levels may also be controlled by 0022-202X/94/S07.00 Copyright © 1994 by The Society for Investigative Dermatology, Inc. post_transcriptional means. In the present study, we have investigated whether UVB radiation at a physiologically relevant dose upregulates IL-6 mRNA levels in cultured human keratinocytes, either by regulating IL-6 mRNA transcription or at a post-transcriptionallevel by regulating IL-6 mRNA stability.
MATERIALS AND METHODS
Cell Culture Long-term cultures of normal human keratinocytes were prepared from neonatal foreskin as described previously and maintained in a defined keratinocyte growth medium (KGM; Clonetics, San Diego, CAl [7, 15, 16] . Hydrocortisone. was omitted from the culture medium 48 h before testing. For all expenments, fourth and fifth passage cells at subconfluency were oused. Cells ~ere cultured at 37° C in a humidified atmosphere containing 5 Vo CO2 111 air.
Ultraviolet B Irradiation For UVB irradiation, medium was replaced by phosphate-buffered saline (PBS) and cells were exposed to UV radiation (0-100 J/m 2 ) from a bank of fo~r FS20 sunlamp bulbs (Westinghouse Electric Corp., Pittsburgh, PA), w lllch represent the standard UVB source 111 photo immunological research [7,15 -17] . The UVB output was monitored by means of an IL1700 research radiometer and SEE 240 UVB photodetector (International Light, Newburyport, MA) and was approximately 24 X 10-5 W / cm 2 at a tube to target distance of 22 em.
IL-6 Enzyme-Linked Immunosorbent Assay (ELISA) A commercially available ELISA (R & 0 Systen~s, Minneapolis, MN) was u.sed f~r measuring human IL-6 protel11 levels 111 cell-free supernatants. Tllls bt IS sensitive to 3.5 pg/ml IL-6 and does not crossreact with any other known cytokine, including human IL-l, TNF-a, or TNF-P Northern Blot Analysis Northern blot analysis of IL-6 mRNA expression was performed as previously described [7, [10] [11] [12] 15, 16] . Briefly, cultured keratinocytes were gently detached and cells were resuspended in guanidinium isothiocyanate (Sigma, Miinchen, Germany) and extracted with an equal volume of acetate/ethylenediaminetetraacetic acid (EDTA)-equilibrated phenol (60°C for 25 min with frequent vortexing). The aqueous phase was recovered after centrifugation and extracted once with an equal volume of phenoychloroform and twice "".,ith chloroform. The resulting RNA was precipitated overnight at -20 C With 2.5 volumes of ethanol. The total RNA from each sample was then electrophoresed on a 1 % agarose gel containing 20 mM sodium borate, pH 8.3, 0.5 mM EDTA, and 3% formaldehyde. The RNA was transferred to nitrocellulose paper (Schleicher and Schuell, Dassel, Germany) in 10 X (SSe) (1.5 M sodium chloride and 150 mM sodium citrate) using capillary blotting overnight. The blots were baked and prehybridized at 65°C in 7% sodium dodecyl sulfate (SDS), lOX Denhardt's (50 X Denhardt's = 1 % Ficoll, 1 % bovine serum albumin [BSA] , and 1 % polyvinyl-pyrolidone), 5 X SSC, and 50 J1.g/ ml salmon sperm DNA (Sigma). Interleukin-6 mRNA expression was detected using the 0.55-kilobase (kB) Taql/BanI fragment of the pGEM4-IL-6 plasmid, kindly provided by Dr. T. Kishimoto, University of Osaka, Japan. Control hybridizations used a eDNA probe encoding the housekeeping gene a-actin (0.8 kB BamHI/PstI fragment of pBR322). The eDNA fragments were radio labeled by random priming with a(32P)-dCTP (> 6000 Ci/mmol) (Amersham Buchler, Braunschweig, Germany). The blots were then washed at 55°C in 1 % SDS/l X SSC and were autoradiographed with a Kodak X-omat film (Eastman Kodak, Rochester, NY) at -70°C with an intensifying screen. Autoradiographs were scanned using a LKB Ultra Scan XL laser-densitometer (LKB, Freiburg, Germany) and analyzed using the LKB Gel Scan XL software package (LKB). Interleukin-6 mRNA expression was normalizl!d for a-actin mRNA expression and constitutive IL-6 mRNA expression was arbitrarily set as 1.
Nuclear Run-On Assays For nuclear run-on transcription assays, keratinocytes (lOB) were lysed in RSB (10 mM Tris-HCL, 5 mM KC I, 3 mM MgC1 2 ) containing 0.5% Nonidet P-40 (Sigma) and were washed once in ice-cold phosphate-buffered saline (PBS). Nuclei were incubated at 26°C in 15% glycerol, 70 mM KCI, 2.5 mM MgC1 2 , 10 mM EDTA, 4-mM levels each of ATP, CTP, and GTP, 2 mM UTP, 0.5 mM dithiothreitol, and 60 U/ml RNasin (Boehringer Mannheim, Mannheim, Germany), in the presence of 100 J1.Ci of [32P]UTP (3000 Ci/mmol) (Amersham Buchler), for 30 min [10, 11] . The mixture was digested with DNase I and precipitated in 70% ethanol before hybridization of 5 X 10 5 cpm/ml of hybridization buffer (50% formam ide, 2 X SSC, 1 % SDS, 5 X Denhardt's solution, 5 J1.g/ml tRNA). Filters contained 10 J1.g each of linearized plasmids containing the O.55-kB TaqI/Banl fragment of the human IL-6 eDNA immobilized on nitrocellulose (Schleicher and Schuell) after blotting with a slot-blot apparatus (Schleicher and Schuell). After hybridization at 42°C for 3 d, filters were rinsed in 2 X SSC at 55°C, 2 X SSC containing 10 J1.g/ml RNAse at 37"C, and finally 0. were exposed to Kodak X-omat films for 10 d. The transcription rate of the housekeeping gene a-actin was examined as control. Autoradiographs were scanned and analyzed as preVIOusly descnbed. Constitutive IL-6 mRNA transcription was arbitrarily set as 1 after normalization for a-actin levels [10, 11] .
RESULTS
In the first set of experiments, the time and dose kinetics for UVBinduced IL-6 protein release and IL-6 mRNA expression by longterm cultured, normal human keratinocytes were assessed. III vitro exposure of human keratinocytes to UVB radiation is associated with IL-6 pr<~tein synthesis in a dose-and time-dependent manner (Fig 1) . MaXimal amounts of IL-6 protein could be detected in supernatants harvested from keratinocytes 8 -12 h after irradiation with 50-100 Jlm 2 UVB. Corresponding changes could be observed at the mRNA level (Fig 2) . Unstimulated keratinocytes contained only low, but clearly detectable, levels of IL-6 -specific mRNA [18] . Interleukin-6 mRNA levels were found to be markedly upregulated upon UVB exposure and to be maximal 6 h after exposure of cells to 100 J/m 2 UVB (Fig 2) . Because maximal IL-6 protein and mRNA expression could be achieved upon exposure of keratinocytes to 100 J/m 2 UVB, this dose, which did not affect cell viability, was used exclusively in the following experiments. To examine whether increased levels of IL-6 mRNA in UVB-irradiated keratinocytes were the result of an increased rate ofIL-6 gene transcription, nuclear run-on assays were performed. Transcription rates ofIL-6 genes measured in nuclei isolated from UVB-irradiated c Figure 2 . UVB irradiation increases steady-state levels of IL-6 mRNA in human keratinocytes. Keratinocytes were exposed to increasing doses of UVB (0-100 1/m2) light and total RNA was isolated 6 h after UVB exposure (0) or irradiated with 100 )/m 2 UVB and total RNA was prepared from irradiated cells at the indicated time points (b). Following hybridization with IL-6 and an a-actin -specific radio labeled probe, blots were scanned by laser densitometry and normalized for a-actin transcripts. Constitutive IL-6 expression was arbitrarily set as 1. Data represent duplicates ± SD of one of two essentially identical experiments. c) Representative autoradiograph of a time kinetic experiment (100 1/m2).
keratinocytes t,l, 2, and 4 h after UVB exposure did not differ from those measured in nuclei prepared from unirradiated cells (Fig 3) .
To assess whether UVB irradiation may upregulate IL-6 mRNA steady-state levels by increasing IL-6 mRNA stability, in the following set of experiments, the IL-6 mRNA half-life of unirradiated and UVB-irradiated keratinocytes were compared. In these experiments, IL-6 mRNA levels were determined in un irradiated and UVB-irradiated keratinocytes that had been incubated in the presence or absence of actinomycin-D. In vitro exposure of human kera- tinocytes to 100 J/m 2 UVB increased IL-6 mRNA stability by three-to fourfold (Fig 4) .
For example, relative IL-6 mRNA levels were decreased by 50% in unirradiated cells after 30 min, whereas in UVB-irradiated kera, tinocytes a similar decrease in IL-6 mRNA levels required a threefold longer time period, that is, 90 min (Fig 4) . The observed increase in IL-6 mRNA stability in UVB-irradiated keratinocytes was sufficient to account completely for the upregulation of IL-6 mRNA steady-state levels in UVB-irradiated cells achieved in the same experiments (Fig 4) .
DISCUSSION
The present study provides evidence that UVB radiation regulated expression of IL-6 transcript in cultured human keratinocytes at a post-transcriptional level by increasing IL-6 mRNA stability, whereas UVB radiation did not increase the transcription rate of the IL-6 gene in these cells. Similarly, stimulation of human thymic epithelial cells with the two growth factors EGF or TGF-a increased IL-6 mRNA steady-state levels without affecting the transcription rates of the IL-6 gene [13] . Nuclear run-on assays may yield false negative results, as constitutive signals may be observed if the probes employed contain potential cross-hybridizing sequences [19] . To exclude this possibility, in the present study, an IL-6 eDNA fragment rather than the full-length eDNA was used, and this fragment did not contain repetitive elements, as was assessed by Southern blot analysis with radiolabeled genomic DNA (data not shown).
The capacity to upregulate IL-6 mRNA levels by increasing IL-6 mRNA stability is not specific for UVB radiation. Accordingly, Total RNA was isolated at the indicated timepoints and hybridized to IL-6-and a-actinspecific radiolabeled probes. Blots were scanned by laser-densitometry. Constitutive steady-state levels of IL-6 mRNA were arbltranly set as 1. Identical experiments were also performed with another inhibitor of RNA synthesis (puromy~in) and gave ess~ntially identical results (not . shown). Data are given as histograms of relative IL-6 transcnpt levels (y-axIs) versus time after stimulation (x-axis).
EGF or TGF-a stimulation also increased IL-6 mRNA stability in human thymic epithelial cells [13] . In the present study, human keratinocytes were cultured in a system containing rh EGF. Increased stability of IL-6 mRNA in UVB-irradiated keratinocytes, however, is most likely not due to an enhanced capacity of ambient EGF to stabilize IL-6 mRNA in keratinocyte cultures, because comparable results were ~btained when .cells from the human epidermoid carcinoma cellime KB grown m the absence of rh EGF were examined (data not shown). Although the relevance of mRNA stability for regulation of gene expression is well documented, the mechanisms involved in the turnover of individual mRNAs are only partially understood. I~l parti~ular, the mechanism.by ~hich UVB radiation is capable of 1l1creaS1l1g IL-6 mRNA stablhty IS currently unknown. It has been demonstrated for IL-6 that a conserved A + U-rich region in the 3' untranslated region is required for mRNA stability [8, 20] . A cytoplasmic protein that binds specifically to the AUUUA element and may serve to increase the susceptibility of mRNA for cytoplasmic degradation has been identified [21] . It is tempting, therefore, to speculate that UVB radiation increases IL-6 mRNA stability by directly or indirectly affecting the function of an AUUUA binding protein.
Exposure of human cells to cytotoxic doses of UVC (254 nm) radiation is a well-recognized modulator of gene expression, including c-fos, collagenase, metallothionein, and the class II invariant chain genes [22] . It has been shown by nuclear run-off experiments that UVC-induced regulation of these genes occurs at the level of transcription [22] . Transfection experiments employing chimeric gene constructs led to the identification of several UVCresponsive elements within the promotor region of the respective genes [23] . Transcriptional regulation, however, does not appear to be the only mechanism by which UVC radiation is capable of affecting human gene expression. A recent report provides evidence that UVC radiation may also act at a post-transcriptional level, because UVC was found to induce a dose-dependent stabilization of preformed mRNA of several genes whose transcription depended on exogenous stimulation with cytokines [24] . These studies indicate that the interaction between UV radiation and human gene expression is rather complex. It is quite conceivable that depending on the type and dose of UV radiation employed and depending on the specific nature of the target gene, transcriptional or post-transcriptional mechanisms may be involved in UV radiation-induced UVB EFFECTS ON KERATINOCYTE IL-6 PRODUCTION 95 regulation of human genes. This concept is supported by the present observation that UVB radiation regulates IL-6 mRNA levels in human keratinocytes at a post-transcriptional level by affecting IL-6 mRNA stability.
Sunlight is the greatest source of human UV radiation exposure, affecting virtually everyone. The sun emits a wide variety of electromagnetic radiation, including UV A (320 -400 nm), UVB (290 -320 nm), and UVC (10 -290 nm), but the only UV radiation wavelengths that reach the earth's surface are UVA and UVB [5] . The widespread use of chlorofluorocarbons has been found to deplete the atmosphere of ozone, which filters out most of the UVB from solar radiation [25] . As a consequence, increases in UVB radiation at the earth's surface have been documented, and such a change has been predicted to have an impact on human health [26] . It is therefore of substantial importance to analyze the mechanisms by which epidermal keratinocytes as the primary human target cells are affected by UVB radiation. The UVB doses employed in the present study are equivalent to about one-third of the minimal erythema dose of a fair-skinned individual and thus may be easily obtained during sun exposure. To the best of our knowledge this is the first report indicating that physiologically relevant doses ofUVB radiation are capable of affecting human gene expression at a post-transcriptionallevel by increasing mRNA stability. Further studies will have to determine whether the observed post-transcriptional regulatory effects induced by UVB radiation are specific for keratinocyte IL-6 gene expression or whether similar effects may also be observed for other genes, including cytokines [27, 28] , cytokine receptors [16] , and adhesion molecules [29] , which were shown previously to be induced in this cell type by identical doses of UVB radiation.
